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1 Introduction 

I did not know Gregory Breit, but two of his closest associates influenced 
me deeply. I did research in Gerry Brown's group as an undergraduate at 
Princeton. Gerry welcomed young students into his research family and gave 
us wonderful problems to work on. He taught us that complicated problems 
often have simple answers - something that has proved true in particle physics 
over the past quarter century. Vernon Hughes invented deep inelastic spin 
physics in the early 1970's and has championed it relentlessly ever since. He 
and his collaborators have literally rewritten the book on the quark and gluon 
structure of the nucleon. It is a pleasure to speak at a symposium celebrating 
their teacher, Gregory Breit. 

My talk will be largely pedagogical. I would like to show how a gener- 
alization of the "Breit Interaction" can account for some of the regularities 
of hadron physics. Although the basic ideas described here date back to the 
1970's, they have not been presented quite this way before, and some devel- 
opments are still at the forefront of modern research in QCD. This subject 
was a special favorite of my friend and collaborator. Ken Johnson, who died 
this past winter. Ken had many friends at Yale. He would have liked to hear 
this story, so I dedicate my talk to his memory. 

It is hard to make definite statements about hadrons made of the light u, 
d, and s quarks. The nonperturbative regime is too complicated. It may never 
be solved to our satisfaction except on a computer. Nevertheless, the spectrum 
and interactions of baryons and mesons display remarkable regularities, which 
correlate with simple symmetry properties of the fundamental quark/gluon 
interactions. The role of models in QCD is to build simple physical pictures 
that connect the phenomenological regularities with the underlying structure. 



The QCD "Breit Interaction" is the spin-dependent part of one-gluon 
exchange between hght quarks in the lowest state of some unspecified mean 
field. It is summarized by an effective Hamiltonian acting on the quarks' spin 
and color indices, 



where oi and A i are the spin and color operators of the z**^ quark. The spin 
operators are represented by the three 2x2 Pauli matrices, normalized to 
Tr(crf)^ = 2 for fc = 1,2,3, and the color operators are represented by the 
eight 3x3 Gell-Mann matrices, normalized the same way, Tr(Af)^ = 2 for 
a = 1, ... 8. The sum over i and j extends over all quark pairs. For the 
moment, I ignore antiquarks. I also ignore quark mass differences. In reality 
the u and d masses are small enough relative to the natural scale of QCD 
that we can neglect them. The s quark is heavier. It is a reasonable first 
approximation to ignore its mass as well. The c, b, and t quarks are too 
heavy, and cannot be treated this way. The space-time dependence of Ti.cS is 
not well understood, but in this approximation it is universal, and need not 
concern us much. 

Ticff can be read off the Feynman diagram for one-gluon exchange between 
quarks; see Fig. (]l|). At short distances where QCD is weakly coupled, we can 
trust perturbation theory, and one-gluon exchange should dominate. How- 
ever, at typical hadronic distance scales QCD is strongly coupled. Still, there 
is reason to take the qualitative predictions which follow from Ti.cs seriously. 
Once the long range, spin-average, confining interactions in QCD have been 
integrated out, the resulting confining, bag-like mean field acts as an infrared 
cutoff, reducing the strength of the remaining QCD effects. Most phenomeno- 
logical models of QCD - the Bag Model, the nonrelativistic quark model, and 
other quark models in particular - use this picture successfully. The absence 
of strong renormalization (higher twist effects) in deep inelastic scattering of- 
fers phenomenological support for a picture of hadrons where perturbation 
theory is qualitatively reliable once confinement has been implemented. 

A couple of further notes on the form of eq. (|l|): First, the spin-averaged 
piece of one-gluon exchange has been set aside. It figures in the dynamics 
of confinement but not in the spectroscopy considered here. Second, the 
tensor and spin-orbit interactions generated by one-gluon exchange average 
to zero in the lowest quark state. Third, the appearance of a matrices in 
eq. (|T|) does not mean the analysis is nonrelativistic. For light quarks this 
would be an unacceptable restriction. The Dirac a matrices which appear 
in the relativistic quark currents reduce to a matrices in the lowest orbital. 




(1) 



R.L. JafTe — Color, Spin, and Flavor-Dependent Forces in QCD 2 




For obvious reasons the interaction of eq. is known as the "colorspin" or 
"color-magnetic" interaction of QCD. 

Ti-eS was first introduced by De Rujula, GeQrgi, and Glashow in their 
pioneering paper on hadron spectroscopy in QCD. El Many of the spectroscopic 
results I will jjjj£cuss were developed by them or by our group at MIT in the 
mid-1970's.S'cla The subject of the scalar mesons has been revitalized recently 
by Schechter and his collaborators^ The possible role of TieS in quark matter 
has been the subject of much recent activity starting with the fundamental 
work of Alford, Rajagopal, and Wilczekfl 

My talk is organized as follows: In Section |2| I review the basic symmetry 
structure of Hcs- In Section ^ I look at some properties of the baryons: the 
octet-decuplet splitting, the A-S splitting, and the pattern of excitations. 
Section^ is devoted to mesons: first the pseudoscalar- vector splittings, next a 
remark on the absence of exotics, and finally a reevaluation of the J^'~^ = 0"'""'" 
mesons. In Section |^ I return to symmetry and extract a simple rule for 
the ground state of the configuration - the rule of flavor antisymmetry. 
In Section |^, I apply it to baryons (Q^) and dibaryons (Q^). Finally, in 
Section |^ I give a very brief introduction to the effects of Heft in quark matter 
- condensates, superconductivity, and unusual patterns of symmetry breaking. 



2 Basics: Regularities of the Q Q interaction 

It is not necessary to use much mathematics to understand the implications 
of eq. for the simplest case of two quarks. Most of what I need can be done 
merely by rewriting it in terms of color, spin, and flavor "exchange operators" . 
The spin exchange operator, P^^, is defined by 

Pl2 = I + • <?2 . (2) 
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Two spin-i particles may be coupled to a triplet of spin-1 states, |3s) = 
{|tt)i "^iTi + iT)i which are symmetric under spin exchange, or to a 

singlet spin-0 state, |ls) = :^ITi ~ iT)i which is antisymmetric under spin 
exchange .0 The eigenvalues of S\ ■ $2 are +1 and —3 in the spin-1 and spin-0 
states respectively, so P^\%) = P^\'^s) = Thus P'^ has the de- 

sired property that it gives ±1 on states which are symmetric/antisymmetric 
under spin exchange. 

Color and flavor states are both classified by S't/(3), so color and flavor 
exchange operators have the same form. To be specific, consider flavor. The 
quark labels are u, d, and s. I need a notation for the set of Gell-Mann 
matrices associated with flavor - denote them by to distinguish them 
from the {a} used for color. 

There are nine flavor states of two quarks. Six are symmetric: |6f) = 
jdd), |ss), -^\ud + du), -^{ds + sd), -^\su + us)}. Three are antisym- 
metric: |3f) = {"^1'^'^ — du), -^\ds — sd), -^\su — us)}. These states can 
be visualized most easily in the usual SU{3){ weight diagram in which the 
third component of isospin {I^ = i(ri„ — n^)) is the a:-axis and hypercharge 
{Y = ^(n„ + Ud — 2ns)) is the y-axis. The original quark triplet forms a 
triangle, point down, the 3f. The antisymmetric set of two quark states forms 
a triangle, point up, hence the notation 3t. The symmetric set of two quark 
states form a larger triangle, point down, the 6f . All three representations are 
shown in Fig. (^). 

A simple exercise with the Gell-Mann matrices lead to the exchange op- 
erator for flavor, 

A^2-H5^1-^2 (3) 

with the desired property that P^|6f) = -l-|6f) and P^|3f) = — |3f). Since 
color has the same structure as flavor: 

PSi^l + kXi-X2 (4) 

and P^|6e) = +|6c), F^|3c) = -|3c). 

Armed with eqs. (|^), (||), and we can rewrite the interaction between 
two quarks in terms of exchange operators, 

Weff CX -A 1 • A 2^1 • (72 = -4.PgPg + IPf2 + 2^^^ - | • (5) 

The next step exposes the reason for all this algebra: two quarks in 
the same orbital are symmetric under space exchange. Since the quarks are 

*To avoid confusion, we label all states by their degeneracy. Thus the spin-1 states are |3a} 
and the spin-0 states are |ls). 
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Figure 2. SU{3)i weight diagram for the fundamental 3f, antisymmetric diquark, 3f, and 
symmetric diquark, 6f representations. 



fermions, the wavcfunction must be antisymmetric under the simultaneous ex- 
change of the remaining labels: spin, color, and flavor. In terms of exchange 
operators, 



r>C r>6 pi* 
^12^12-' 12 



pC pS 
^12-* 12 



-1 
^12 ■ 



So eq. can be rewritten as 



(6) 



(7) 



Lo and behold: The dominant piece of the colorspin force (weighted by 4) 
is a /Zauor-exchange interaction. This is why colorspin has significant impli- 
cations for flavor- dependent mass splittings. 
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Table 1. Flavor, spin, and color states of two quarks, and the eigenvalue of the QCD Breit 
Interaction of eq. (111). 



Flavor 


Spin 


Color 


AE 


3(A) 


1(A) 


3(A) 


-8 


3(A) 


3(5) 


6(5) 


-4/3 


6(S) 


3(5) 


3(A) 


8/3 


6{S) 


1(A) 


6(5) 


4 



There are four totally antisymmetric configurations of flavor x spin x color. 
They and their associated colorspin interaction strengths are listed in Tabic |l|. 
From eq. (^) it is clear that the configuration separately antisymmetric in fla- 
vor, spin, and color, is the most attractive channel. The other three config- 
urations are symmetric in at least two indices, leading to dramatically less 
binding. The dominance of a single qq configuration, |3fls3c), is the basic 
observation behind colorspin phenomenology. Colorspin favors antisymmetric 
(and therefore low-dimension) representations of the flavor and spin symmetry 
groups. Several applications will bear this out. 

3 Baryons 

3.1 The Octet- Decuplet Mass Difference 

The lightest baryons composed predominantly of u, d, and s quarks can be 
grouped into an SU{3){ octet with spin-i and an SU{3)f decuplet with spin- 
|. The SU{3)[ weight diagrams in terms of I3 and Y are shown in Fig. (^. 
States with the same I3 and Y contain the same valence quarks. Thus the 
A"*" and p must both contain uud in addition to any qq pairs and gluons. For 
all pairs like the p — A+, the state in the decuplet is roughly 200-250 MeV 
heavier than the equivalent state in the octet. The sign of this effect is easily 
explained from the symmetry properties of the colorspin force: Since baryons 
are color singlets, each quark pair must be coupled to a color 3c.[] Because 
the decuplet has spin-|, each quark pair must be coupled to a spin triplet. 
Referring to Table 1, it appears that the 3c 3s colorspin configuration has 
positive interaction energy. The spin coupling of the quarks in the octet is 
more complicated, but one thing is clear: at least the coupling of quark pairs 

tSo a color singlet can be made when the third quark is included: 3 3 = 1 © 8, whereas 
6® 3 = 8 © 10. 
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Figure 3. SU{3){ weight diagram for the baryon octet and decuplet. Some states discussed 
in the text are labeled. 

to spin-0 is allowed. Therefore a state in the octet must be lighter than state 
with the same quark content in the decuplet. 

3.2 r/ie A-E Splitting 

The lightest neutral strange baryons, the A°(1116) and the E''(1192) have the 
same quark content, uds. They differ in mass by 76 MeV. Before QCD this 
mass difference puzzled theorists who tried to understand the quark structure 
of hadrons. The puzzle was resolved by DeRujulapGeorgi, and Glashow and 
led to much work on QCD inspired quark models E The A° and the E" have 
the same quarks and the same spin. They differ in isospin: 

|eO)~|M/=i.) |A°)^|M/=M. (8) 

Colorspin, like all spin-dependent effects in gauge theories, is a relativistic 
effect. For heavy quarks the coefficient we have suppressed in front of Ti.cS 
goes like l/m^. It is reasonable to assume that colorspin forces weaken with 
increasing quark mass. The u and d quarks are much lighter than the s quark, 
so the colorspin force between a ud pair is stronger than that between a u.s or 
ds pair. The ud pair in the A° is in the / = or 3f state. In the E°, the ud 
pair is in the / = 1 or 6f state. The ud colorspin contribution to the mass is 
therefore attractive in the A", repulsive in the E". Since this dominates over 
ds and us, the A" must be lighter than the E°. The magnitude of the E" — A° 
mass difference depends on the strength of the colorspin interaction (fixed by 
the decuplet-octet splitting) and the quark mass differences (fixed by SU (3)f 
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Flavor x Spin Space 



56fa D 8f2, ® 10f4, 



70fe D lf2s © 8f 2s © 8f4f © 10f2, 




20fs D lf4, © 8f2, - - 

Figure 4. States of three quarks. 5f7{6)fs multiplets are shown along with their SU{3)i ® 
SU{2)b content. The multiplets are represented by Young Diagrams. Boxes stacked ver- 
tically represent antisymmetrized quarks, those stacked horizontally are symmetrized. To 
make states symmetric under flavor X spin X space, quarks must have the same permutation 
symmetry under flavor X spin and space. Hence the identical Young Diagrams. 

violating mass differences). The numerical value is roughly consistent with 
the 76 MeV observed. 

3.3 Excited Baryon Spectroscopy 

Tables of the masses and properties of excited baryons fill booksB Long 
ago, Dalitz and coUaboratorda showed that the fundamental structure of 
this spectrum could be understood in a "Symmetric Quark Model": Popu- 
late spin X flavor X space symmetric states of three quarks (color antisymmetry 
takes care of Fermi statistics) in the modes of some simple central potential. 
The lightest (positive parity) baryons have all quarks in the lowest orbital. 
To obtain negative parity excitations, promote one quark to the first (i — f ) 
excited orbital. To make positive parity excitations, promote two quarks to 
the first level or one quark to the second. 

Dalitz's model contains the Giirsey's famous 5[/(6)fs symmetry]^ built 
out of SU{2>)f (8) SU{2)Jn Baryon multiplets form representations of S't/(6)ts, 
which in turn contain S'C/(3)f multiplets of definite spin. The three SU{&)fs 
representations of three quarks are shown in Fig. (^ in terms of Young Di- 
agrams. The 56fs is totally symmetric in exchange of spin and flavor, the 
TOfs has mixed symmetry, and the 20fs is totally antisymmetric. The 56fs and 
70fs are prominent in the baryon spectrum. For example, the lightest baryons 
form a 56fs containing the decuplct with spin-| and the octet with spin-^. In 
fact all known baryons can he assigned to either 56fs or 70fs representations. 

^1 use the subscript fs in order not to mix it up with another SU{'o)(^s built of color X spin, 
which will be useful later. 
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What happened to the 20fs? This representation goes with a totally antisym- 
metric space wavefunction, and could occur among the positive parity baryon 
resonances, which are quite well studied. The S'l/(3)t xspin content of the 20fs 
is |8f2s) and |lf4s). This is the only occurrence of a spin-|, 5/7(3)/ singlet. 
So observation of a spin | — A*° without the partners required to form an 
octet would be the signature of the 20fs. There is no serious candidate for a 
lf4s state in the baryon spectrum. The QCD Breit interaction predicts this. 
Two quarks in the 20fs must be antisymmetric in simultaneous exchange of 
flavor and spin. In contrast, quark pairs in the 56fs must, and in the 70fs 
may, be symmetric in flavor x spin. So the 20fs alone decouples from the most 
attractive configuration, |3fls3c). Because of this, the 20ts is promoted to 
higher energy and is less stable. 

4 Mesons 

The generalization of the Breit interaction to qq is simple. Once qq form a color 
singlet the residual interaction is attractive for spin-0 and repulsive for spin-1, 
much like positronium. The consequences are well known: The pseudoscalar 
mesons like the tt are lighter than their vector partners like the p. 

The fact that colorspin has other significant consequences for meson spec- 
troscopy is less well known. 

4-1 The Absence of Exotics 

The absence of SU{3){ representations other than If and 8f for mesons, and If, 
8f, and lOf for baryons was one of the original inspirations for Gell-Mann's 
and Zweig's quark model. Later, QCD and confinement explained the ab- 
sence of representations of with fractional charge, but quark model exotics 
like a meson 27f-plet {(fq^) or a baryon lOf-plet [q^q) are allowed by confine- 
ment. Gell-Mann's original paper on the quark model begs the question with 
a breathtakingly appropriate typographical error: 

Baryons can now be constructed from quarks by using the com- 
binations [qqq), (qqqqq), etc., while mesons are made out of (qq), 
{qqqq) , etc. It is assuming [sic] that the lowest baryon configuration 
(qqq) gives just the representations 1, 8, and 10 that have been ob- 
served, while the lowest meson configuration (qq) similarly gives just 
1 and 8.E3 

and almost everyone has been assuming it ever since. 
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The experimental situation has changed little since Gell-Mann's day. Con- 
sider, for example, states of two pions at low energies. The 1 = 2 state, exem- 
plified by TT+TT"*" is exotic. It contains at least (Pu^. Data on Tr+Tr"*" scattering 
shows no resonance at low energies, only a weak repulsion. The 1=1 and 
/ = states couple to qq. The 1=1 phase shift resonates at the p. The 
/ = phase shift shows a strong, broad attraction from threshold up through 
TOtttt ~ 1 GeV. The same absence of striking resonances occurs in every exotic 
channel. 

QCD is consistent with the absence of strongly bound mesons made of 
more than qq. Confinement saturates at q^ or qq. There are no van der Waals 
forces in QCD because there are no massless hadrons. So the mechanism that 
forms molecules from atoms in QED is absent in QCD. However, this does 
not explain why no q^q^ states have been seen. 

The QCD Breit interaction, TieS, gives a simple explanation for the ab- 
sence of exotics. A complete treatment would require me to include qq in- 
teractions as well as qq. However, the gist of the argument can be read off 
Table 1^. Exotic SU{3)[ representations require either the quarks to be in the 
6f or the antiquarks to be in the 6f representation or both. If the quarks are 
in the 3f and the antiquarks are in the 3f , then the resulting (fq"^ state trans- 
forms as an 8f © If , which is not exotic and could mistakenly be interpreted as 
a qq multiplet. Table |l] shows that colorspin interactions are repulsive in the 
6f and 6f representations. So colorspin pushes exotic flavor states of g^g^ up 
above thresholds where they fall apart into the light pseudoscalar mesons from 
which they are built. A rnore sophisticated treatment including qq colorspin 
forces confirms this result .El 

So the QCD Breit interaction explains the absence of prominent exotic 
meson resonances and also suggests that we look carefully at ordinary mesons 
to see if any q^q^ states have been mistakenly cataloged as qq. 

4-- 2 The Scalar Mesons 

The lightest (negative parity) light quark mesons have been known for forty 
years. The first excited states (with positive parity) are also well known. Of 
these, only the scalar mesons remain controversial. The rest were discovered 
and classified during the sixties and seventies. The identification and nature 
of the scalar mesons continues to be one of the most controversial subjects 
in hadron spectroscopy. The special role of the tttt s-wave in chiral dynamics 
and in nuclear physics makes this an important issue. 

To make J^'^ = 0++ in the naive quark model it is necessary to add 
a unit of orbital angular momentum to a qq pair (to get positive parity). 



R.L. Jaffe — Color, Spin, and Flavor-Dependent Forces in QCD 10 



duus udds 





1 [ud] 


[ds\ • 


• [us] 



\ud] 



dus 



Figure 5. SU{3)f weight diagrams for two antisymmetrized quarks, two antisymmetrized 
antiquarks, and for the flavor nonet contructed from them. 



Apparently this costs more than half a GeV in mass, since well established 
mesons with this makeup (l"*"*", 1"' , and 2++) are all known to lie between 
1.2 and 1.6 MeV. In contrast (fq^ can couple to 0++ without excitation. 
Surprisingly there are striking experimental effects in all flavor nonet 0+"*" 
channels at masses below 1 GeV, and they do not fit naive qq quark model 
expectations. Recently Black et al. reviewed the situation and concluded that 
the light O^^ mesons look more like q^q^ than qq, an idea originally, sjiggested 
on the basis of the QCD colorspin interactions back in the 1970's.B'EI 

The QCD Breit interaction between quarks strongly favors the |3fls3c) 
configuration for quark pairs. The qq interaction, which we have not discussed, 
mixes in a significant amount of the second most attractive configuration, 
|3f3s6c), which, notice, is also a flavor 3f. Thus the lightest (fq^ mesons have 
the flavor structure {(f)^'{q'^)^', which leads to an octet plus a singlet (= a 
nonet). Diagonalization of the ifq^ generalization of Hcff in the q^q^ sector 
drives a single 0^^ flavor nonet to remarkably low mass (600-1000 MeV in the 
Bag Model). Thus the only light meson channel that has defied classification 
for the past forty years is the one in which colorspin considerations leads one 
to expect qqqq to be important. 

Figure shows how a nonet can be constructed from two quarks in 
a 3f and two antiquarks in a 3f. The quark fiavor content of some of the 
states are shown in the figure. The most striking feature of a (fq^ nonet 
is an inverted mass spectrum. A standard, magically-mixed qq nonet has a 
degenerate isosinglet and isovector at the bottom, a strange isodoublct in the 
middle, and a lone isosinglet at the top. This ordering is easily understood by 
counting the number of strange quarks in the meson. A q^q^ nonet is opposite: 
the q^q^ isotriplet and one of the isosinglets contain hidden strange quarks, 
{udss, -y^{uu — dd)ss, duss} and -j=[uu + dd)ss, and therefore lie at the top 
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Figure 6. A cartoon representation of the masses of a qqqq nonet compared with a qq nonet. 



of the multiplct. The other isosinglet, uddu is the only state without strange 
quarks and therefore hes alone at the bottom of the multiplet. The strange 
isodoublets should lie in between. In summary, one expects a degenerate 
isosinglet and isotriplet at the top of the multiplet and strongly coupled KK, 
an isosinglet at the bottom, strongly coupled to tttt, and a strange isodoublet 
coupling to Ktt in between. Fig. shows the mass spectrum and quark 
content of a q^q^ nonet and, for comparison, a qq nonet like the vector mesons 
oj, and (j) K*). 

The most well established 0++ mesons are the / = /o(980) and the 
1 = 1 ao(980). The /q couples to tttt and KK. The gq couples to nrj and 
KK. Both are so close to the KK threshold at 990 MeV that their shapes 
are strongly distorted by threshold effects, but it is clear that they couple 
strongly to KK. This has always troubled those who would like to identify 
them as qq states. It is a natural consequence of the hidden ss component if 
they are predominantly ^^(/(/j^ 

The contribution of Black et al. centers on the other isosinglet and strange 
isodoublet needed to fill up a nonet. If they are predominantly q^q^ states, 
they should couple strongly to tttt and Kn respectively. Since the tttt and Kir 
thresholds are very low, one expects these states to "fall apart" into tttt or 
Kn with very large width. Enhancements in tttt and Kn s-wave scattering 
have been known for decades. Black et al. make the case that these enhance- 
ments correspond to broad states at approximately 560 MeV in tttt (known 
as the cr(560)) and at 900 MeV in Ktt (known as the k(900)). Together the 

§ Another inteipretation of the /o and ao as "KK molecules" is closely related to the qqqq 
interpretation.F^ 
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/o(970), ao(980), o-(560), and k(900) make a nonet with mass spectrum, decay 
couplings and widths that look qualitatively like a qqqq system. Should this 
assignment hold up, it will be striking confirmation of the role of the QCD 
Breit interaction in hadron spectroscopy. 

5 Back to Basics: Spectroscopic Rules for QtJ^ 

In Section ^ I looked at the colorspin force between pairs of quarks. Here I will 
generalize that analysis to the case of N quarks all in the same spacial orbital. 
This allows us to look at systems of up to 18 quarks (3 colors x 3 flavors x 
2 spins) at short distances. It will allow us to draw interesting qualitative 
conclusions about baryons and "dibaryons" (i.e., 6-quark systems). 
For N quarks, 

N 

'H^^^-Y.{\a],-{\d},. (9) 

Here I have grouped the color and spin operators of the i"^ quark together. 
The 24 matrices {Xa} together with the 3 Pauli matrices {(?} and the 8 Gell- 
Mann matrices {A} together form the 35 generators of an SU{(!>)cs symmetry 
that we can call "colorspin". Let us denote the colorspin generators as a 
35-dimensional vector of 6x6 matrices (in the fundamental representation), 
{^f , r — 1, . . . , 35}. The quadratic Casimir operator of 5[/(6)cs is defined as 
the sum of the squares of the colorspin generators, 

35 W 2 
r— 1 i—1 

in analogy to the total spin 

3 AT 2 

= ^Sm{Sn + 1) = ElE'^O (11) 

k=i 1=1 

and total color, 

8 N 
a—l i—1 

Of course the color Casimir, ^ is zero for any physical, i.e., color singlet, 
hadron. 
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It is an elementary exercise in matrix algebra to rewrite Ti-^g in terms of 
N, Sn, and Cf , 

n^socm-^c^ + ^SNiSN + i)- (13) 

The Casimir of SU(6)cs is the sum of 35 normed generators. Sn is the sum 
of only 3 identically normed generators. Therefore Cq dominates over Sn in 
eq. (p^. So the spectroscopic consequences of H^g for states are very 
simple. It is important to remember that we are assuming that all quarks are 
in the same orbital of some mean field and that their masses can be ignored]^ 

• In this approximation, the Casimirs of spin, flavor, color and colorspin 
all commute with 7i^, so mass eigenstates are (color singlet) states in 
irreducible representations of S'C/(3)f, SU{6)cs, and spin. 

• For a given number of quarks, the largest is associated with the most 
symmetric representation - the most "horizontal" Young Diagram. Since 
quarks in the same orbital must be antisymmetrized in color x spin x flavor, 
the most symmetric colorspin goes with the most antisymmetric flavor. 
Thus the lightest state of N quarks is the one most antisymmetric in 
flavor subject to the constraint that the associated (conjugate) colorspin 
representation must contain a color singlet. 

• The factor of Sn{Sn + 1) is generally too small to affect the order of 
states. 

In short: Nature prefers flavor antisymmetry. It is illuminating to apply this 
principle to the well-known case of = 3 and then to the more speculative 
case of iV = 6. 

6 Baryons and Dibaryons 

The simple rule for the spectrum of N quarks has interesting consequences 
for = 6. First, however, let us see how it works for the baryons, = 3. 

6.1 Baryons Reconsidered 

The allowed colorspin and flavor-irreducible representations are tabulated in 
terms of Young Diagrams in Fig. (0). The flavor SU{3)i representations. If, 

^Ignoring the s-quark mass is not a good approximation. Fortunately s-quark mass effects 
can be calculated perturbatively. 
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Figure 7. The states of three quarks, classified in S{7(6)cs 5?7(3)f. For each multiplet 
the colorspin and fiavor Young Diagrams are shown. To maJce states antisymmetric under 
fiavorx color X spin, quarks must have the conjugate permutation symmetry under flavor 
and colorspin, obtained by interchanging rows and columns in the Young Diagram. The 
Brcit Interaction favors the most antisymmetric flavor configuration, as evidenced by the 
eigenvalues displayed with the diagrams. 



8f, and lOf are paired with the colorspin SU{6)cs representations 56cs, 70cs, 
and 20cs, respectively. The "flavor antisymmetry" rule dictates 

Ml < Ms < Mio . (14) 

In fact the expectation values of H^ff^ in the three states are (Heff)i = 
—65/3, (Wcff)8 = —8, and (Wcff)io = +8. To complete the classification 
we must find out which of these colorspin multiplcts contain color singlets. 
The SU{3)c X SU{2)s content of SU{6)cs representations is best known in the 
context of Gursey's old SU{6)[s. We can copy those results over for colorxspin: 

56cs D 8c2s © 10c4s 

70cs D lc2s © 8c2s © 8c4s © 10c2s 

20cs D lc4s © 8c2s (15) 

A novel perspective on the QCD picture of baryons emerges. The most at- 
tractive colorspin channel, which would be a candidate for the lightest baryon, 
the flavor singlet 56cs, is not a physical state because it does not contain a 
color singlet. So the colorspin rule to antisymmetrize flavor is, in this case, 
frustrated by Fermi statistics: a color singlet, flavor singlet three quark state 
would have to be antisymmetric in spin, which is not possible for spin-i. Oth- 
erwise, the baryon ground state would be a flavor singlet, A-like uds baryon. 
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Figure 8. Some of the states of six quarks, classified in SV{&)cs ® SU{3){. Only the fla- 
vor Young Diagrams are shown. The colorspin diagrams are conjugate. Again, the most 
antisymmetric possible flavor state has the most attractive colorspin interaction. The mul- 
tiplets shown are interesting because the correspond to physically interesting channels: the 
H, the AN/T,N system, the deuteron, and the isotriplet dinucleon, respectively. 



The flavor-antisymmetry rule works fine for the rest of the three quark 
states; the mixed symmetry multiplet, the 70cs, is lightest. It contains a color 
singlet with spin-i - the familiar flavor octet baryons. The antisymmetric 
colorspin multiplet, the 20cs, is heaviest. It contains a color singlet with spin- 
|, the familiar decuplet baryons. 

One final comment: It is tempting to suggest that the excluded multiplet, 
the 56cs, could neutralize its color with a constituent gluon. The result would 
be a qqqg SU{3){ singlet "hybrid" baryon. There is a rather light negative- 
parity A at 1405 MeV that has often caused problems for, quark modelers. 
However current wisdom favors a q^ or q'^q interpretationJlj 
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6.2 Dibaryons - Known and Unknown 

Now consider = 6. The flavor Young Diagrams for six quarks are shown 
in Fig. (^). The colorspin Young Diagrams are conjugate (rows and columns 
interchanged). Only a few of the multiplets are shown. For the multiplets 
shown, the colorspin interaction energies are (7ioff}i = ~24, {Ti.cs)s — ^28/3, 
(Woff)To = +8/3, and (Hcff )27 = +3. 

The most attractive channel is.^the flavor singlet "dihyperon" (known as 
the H) with quark content u^(Ps^a If colorspin were the only consideration, 
its interaction energy, —24, would bind it with respect to decay into two octet 
baryons (colorspin energy 2 x —8). It would decay into the would-be flavor 
singlet baryon (colorspin energy 2 x —65/3), if that state were not excluded by 
color confinement. Models of confined light quarks are not sufficiently accurate 
to decide unequivocally whether the H is bound. Lattice calculations are 
improving and may answer the question before_experimcnters are able either 
to discover it or establish that it is not bound.EJ 

The next most attractive channel is the flavor octet. The hypercharge +1 
members have the quantum numbers of SA^ or AiV. A strong resonance with 
these quantum numbers has long been known in AA^ scattering at 2129 MeV. 
Unfortunately this cannot be unambiguously interpreted as evidence for color- 
spin attraction because a loosely bound state with the same quantum numbers 
is expected as an SU (3)f analog of the deuteron. 

The lOf and 27f channels are interesting because the colorspin interac- 
tion energy is repulsive. These flavor representations are the smallest ones 
that contain states with the quantum numbers of the deuteron (the lOf) and 
the 1=1 two nucleon system (the 27t). Both appear at F = 2 (which is 
strangeness zero) in the SU{3)f weight diagrams shown in Fig. (^). I inter- 
pret the positive colorspin interaction energy as evidence that the quark Breit 
interaction is repulsive at short distances in these channels. Once the three 
quark baryons have separated, apparently other effects generate an interme- 
diate range attraction, which binds the deuteron and almost binds the / = 
NN system. 

7 Colorspin in Quark Matter 

The most interesting recent application of colorspin systematics in QCD is the 
study of condensates and symmetries in cold, dense matter.cl The attraction 
between quark-antiquark pairs is so strong in QCD that qq pairs condense 
in the vacuum, breaking chiral symmetry. Calculations show that the color 
singlet, spin-zero (Icls) configuration is the most attractive channel for Ticff- 
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So condensation in this channel is consistent with colorspin considerations. 
The qq condensate breaks the flavor SU{3)fL x SU{3)fii chiral symmetry 
spontaneously down to vector SU{3)f, the standard flavor symmetry of the 
hadron spectrum. Interestingly, the colorspin interaction energy in the color 
antitriplet, spin-zero (3cls) qq channel is half as attractive. But no condensate 
develops in this channel in vacuo. It is forbidden by the Vafa-Witten Theorem, 
which says that vector symmetries cannot break spontaneously in vector gauge 
theories like QCD.Ed 

Things change in the presence of matter.EjQ At zero temperature and 
finite density, degeneracy effects become important. At some point close to 
where the chemical potential for baryon number {(J-b) becomes comparable 
to Aqcdi nuclear matter passes over to quark matter. Studies show that 
the attraction that drives qq condensation weakens as /i^ increases. They 
also show that the qq colorspin attraction in the 3c Is channel can generate 
a condensate in the vicinity of the Fermi surface similar to BCS pairing in 
superconductivity. Alford, Rajagopal and Wilczek argue that this "color su- 
perconductivity" is robust - it occurs both in colorspin models of the quark 
force and in instanton models as well. Of course, QCD at moderate densities 
is still strongly interacting, and these predictions must be regarded as quali- 
tative. Authoritative statements await a lattice treatment of quark matter at 
finite chemical potential. 

If qq condenses in the 3c Is channel in quark matter, color symmetry is 
broken from S't7(3)c to SU{2)c- Of the eight gluons, the three generators 
of color-5'C7(2)c remain massless. The four gluons that are doublets under 
SU{2)c get mass a la the Meissner effect. One linear combination of the 
eighth (color hypercharge) gluon and the photon stays massless (much as the 
standard model photon survives weak SU(2) symmetry breakdown). SU(2)c 
nonsinglet quark or gluon excitations still experience long-range confining 
forces, but SU{2)c singlet states do not. Thus, for example, two colors of 
each quark flavor (the ones that form the SU{2)c doublet) remain confined, 
but the third color, say "blue" , is a freely propagating fundamental excitation 
in the medium. 

For flavor symmetries, qq condensation has interesting consequences. The 
two-flavor and three-flavor cases differ dramatically. In two-flavor QCD (ob- 
tained by imagining the strange quark mass to be much larger than /is) the 
3cls condensate is a SU{2)fL x SU{2) singlet so it has no effect on the fla- 
vor symmetries (though it does violate baryon number). In particular, chiral 
symmetry is unbroken. Since chiral symmetry is broken spontaneously in the 
QCD vacuum, there must be a phase transition between /^^ = and the high 
density phase where superconductivity sets in. 
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In three-flavor QCD (imagine the strange quark mass to be neghgible 
compared to /i^) the qq condensate is in the antisymmetric 3cls3f channel. 
Thus the condensate breaks both color and flavor SU{3) symmetries. How- 
ever, the condensate is invariant under simultaneous rotations in color and 
flavor, which means that a "diagonal" vector SU (3) symmetry remains un- 
broken. This is the same flavor structure as the low density phase (only a 
vector SU{3)f remains unbroken in vacuo with three massless quarks), so it 
is possible that there is no phase transitiop_from the low density to high den- 
sity phase. Dubbed "color-flavor locking" ,E£l this phenomenon leads to several 
interesting speculations on the phase structure of QCD at flnite densities. Im- 
plications for observations at RHICj-ajid for the behavior of neutron stars are 
the subject of much recent interest .EZHiS 

With this I've come to the end of this tour of the phenomenological impli- 
cations of the Breit interaction in QCD. Insights into QCD in the confining 
domain are precious. The underlying Lagrangian is so simple, the phenom- 
ena are so rich, and the theoretical structure is so complex. It is remarkable 
that so much can be understood qualitatively in terms of the simple effective 
interaction, 



whose origins go back to Gregory Breit in the first half of the twentieth cen- 
tury. 
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